The local reactivity of Pd overlayers supported by Au has been studied by calculating atomic hydrogen and CO adsorption energies as a microscopic probe. The calculations are based on density functional theory within the generalized gradient approximation. The binding energies show a maximum on two Pd layers on Au, both for the ͑100͒ and ͑111͒ surfaces. We have furthermore analyzed local trends by considering different adsorption sites on the Pd overlayers. The results can be rationalized within the d-band model if also second-nearestneighbor interactions and bond-length effects are taken into account.
The systematic modification of the reactivity of metal surfaces is of strong current interest since it might lead to the design of better catalysts in heterogeneous and electrocatalysis. 1 In particular, bimetallic surfaces are well suited for the tailoring of reactivity properties [2] [3] [4] [5] [6] since they offer the possibility to prepare specific surface compositions and structures. If a thin film of one metal is deposited pseudomorphically on another metal with a different lattice constant, strained metallic overlayers result. Substrate strain can strongly modify the surface reactivity, as has recently been shown experimentally. 7, 8 These findings have been rationalized 9 within the d-band model. 10 The modified overlap between the substrate atoms at a strained transition metal surface causes a shift of the d band, thus changing the reactivity.
In the case of metallic overlayers, in addition to the pure strain effect, the change in the electronic structure of the thin film due to the interaction with the underlying support has to be taken into account. 11, 12 The strength of this interaction is not well understood yet. While it is almost impossible to disentangle the consequences of these different effects in experiment, electronic structure calculations provide an excellent means to elucidate the underlying microscopic mechanisms 13 when properly chosen systems are compared. In this article, we report a theoretical study of the local reactivity of up to three Pd overlayers on Au͑111͒ and Au͑100͒ based on density functional theory ͑DFT͒. We have used atomic hydrogen and CO adsorption energies as a local probe in order to determine the trends in the reactivity. The system Pd/Au is of particular interest in the field of electrocatalysis 14 -18 because of its catalytic activities in the oxidation reactions of methanol, formic acid, and carbon monoxide. At the same time, it is a prototype system for the study of the reactivity of strained overlayers. Gold as a noble metal acts as an almost inert support. The lattice constant of Au, a Au ϭ4.08 Å, is 5% larger than the lattice constant of Pd, a Pd ϭ3.88 Å, which means that the Pd overlayers on Au are expanded by 5%. Still up to 10 monolayers of Pd can grow pseudomorphically on Au͑100͒ ͑Refs. 16 and 19͒ and Au͑111͒ ͑Refs. 15 and 20͒.
The considered high-symmetry hydrogen adsorption sites on a Pd two-layer film supported by an Au͑100͒ slab are illustrated in Fig. 1 . Our calculations show that in general the binding energies on the Pd/Au overlayers are larger than those on pure Pd substrates. We find maximum binding energies for two Pd layers on Au. These results can be rationalized within the d-band model, 9, 10 but only if also secondnearest-neighbor interactions are taken into account. To understand the local variation in the strain effects on the adsorption energies, additionally the modification of the adsorbate-substrate bond length has to be taken into account.
The DFT calculations have been performed using the Vienna ab initio simulation package ͑VASP͒. 21 The exchangecorrelation effects are described within the generalized gradient approximation ͑GGA͒ using the Perdew-Wang 1991 ͑PW91͒ functional. 22 Owing to the use of ultrasoft pseudopotentials 23 as constructed by Kresse and Hafner, 24 cutoff energies of 200 eV for hydrogen adsorption and 400 eV for CO adsorption were sufficient to obtain converged total energies. Throughout the study we used the calculated equilibrium lattice constants for bulk Pd and Au For the analysis of the electronic structure, we used a finer mesh of 11ϫ11ϫ1 k points, corresponding to 16 k points in the irreducible Brillouin zone. We have carefully checked that our results are converged with respect to these numerical parameters. In order to disentangle the pure strain effect from the interaction with the metal support, we also performed calculations for pure Pd slabs with the intrinsic Pd lattice constant a Pd and with the Au lattice constant a Au . The results corresponding to the expanded pure Pd surface are denoted by Pd@Au in the following. The hydrogen adsorption energies are determined via
where E slab and E slabϩH are the total energies of the slab without and with the adsorbed hydrogen. For the H 2 binding energy E H 2 in the gas phase the calculated GGA value is taken. Since CO adsorbs molecularly, its adsorption energy is given by E ads (CO)ϭE slabϩCO Ϫ(E slab ϩE CO ). The energy gain upon adsorption is reflected by a negative adsorption energy; therefore binding energies are defined as negative adsorption energies. The calculated adsorption energies as a function of the number of Pd overlayers on Au͑111͒ and Au͑100͒ for different high-symmetry adsorption sites are collected in Fig. 2 . It is striking that we find the same trends for CO and H adsorption in spite of their different electronic structure. For both adsorbates, the binding energies on thin Pd/Au overlayers are larger by up to 0.2-0.3 eV than on pure Pd substrates and show their maximum for two Pd overlayers at all considered adsorption sites. At the most densely packed ͑111͒ surface, the adsorption energies on three Pd overlayers are almost the same as on the pure expanded Pd slabs. This means that the electronic effect of the underlying Au substrate only contributes significantly to the reactivity of the first two overlayers; from the third layer on, the modified reactivity is dominated by geometric effects caused by the lattice expansion. For the less densely packed ͑100͒ surface that has a smaller layer spacing, there is still some influence of the Au support up to the third Pd overlayer. Note that our results are in agreement with experiments which find a strongly modified activity of Pd films deposited on Au as a function of the film thickness for one to three Pd overlayers. 14, 17 In order to understand the trends in the adsorption energies as a function of layer thickness, we have utilized the d-band model as proposed by Hammer and No "rskov. 10 Since CO and hydrogen show the same trends in the adsorption energies, we will concentrate on hydrogen adsorption in our analysis of the electronic factors determining the reactivity in the following. In the d-band model, the interaction between an adsorbate and a
͑2͒
Here ⑀ a is the renormalized adsorbate resonance and ⑀ d is the center of the local d band at the position of the substrate atom. The coupling matrix element V depends on the distance between the interacting atoms and usually decreases rapidly with increasing distance. 10 If the adsorbate is interacting with nonequivalent substrate atoms, then the righthand side of Eq. ͑2͒ has to be replaced by the corresponding sum over these atoms.
According to Eq. ͑2͒, an upshift of the Pd d band is associated with a stronger interaction. If the d band is more than half-filled, a lattice expansion or a reduced coordination leads to a smaller d-band width and to an upshift of the d band due to charge conservation. 27, 9 This effect explains, for example, the preferential adsorption of hydrogen at the step atoms of the Pd͑210͒ surface. 29, 28 In Fig. 3 the position of the d-band center is plotted as a function of the number of Pd overlayers on Au͑111͒ for the uppermost and the subsurface layer. The results for the ͑100͒ surfaces look very similar. Comparing the data for pure Pd and Pd@Au, it is obvious that expanding the Pd substrate to the Au lattice constant leads to a significant upshift of the d-band center. However, in addition to this geometric effect, the electronic interaction of Pd with the underlying Au substrate leads to a further upshift of the Pd d band. This can in fact be understood by the inertness of the Au substrate. Our calculations show that Pd atoms are less strongly bound to Au than to Pd, which means that effectively a Pd overlayer has less overlap with an underlying Au substrate causing a band narrowing and up-shift. On the basis of our findings we thus propose that depositing a reactive metal on an inert metal with a larger lattice constant should in general lead to a higher reactivity of the overlayer. We expect exactly the opposite trend for an overlayer of a less reactive metal on a more reactive metal with a smaller lattice constant, such as, e.g., Pt on Ru. 30 Still the analysis of the top-layer density of states does not explain why the binding energies show a maximum on two Pd overlayers on Au. In fact, we find the highest d-band center for one Pd overlayer that should consequently be the most reactive structure. However, the difference in the hydrogen adsorption energies between the fcc and the hcp positions on Pd͑111͒ indicates that the second layer plays an important role for the adsorption because the fcc and hcp sites only differ in the second-nearest neighbors in the subsurface layer. Figure 4 shows the charge density difference induced upon hydrogen adsorption at the on-top position of two Pd overlayers on Au͑111͒. There is a sizable charge arrangement at the second layer atom, which, however, is caused indirectly by the adsorbate. This is confirmed by an analysis of the local density of states at the second-layer Pd atom, which shows no hybridization with the H 1s state but a modified coupling to the first-layer Pd atom upon H adsorption. Similar results are found at all other adsorption sites. In terms of the d-band model, it is therefore important to consider the d-band centers in the subsurface layers that are also included in Fig. 3 . For one Pd overlayer, this subsurface layer corresponds to the topmost Au layer. Gold has a very deep lying filled d band, which makes it an inert noble metal. 31 It is thus the indirect interaction of the adsorbate with the inert Au substrate beneath the one-layer-thick Pd film that leads to a weaker binding compared to the two-layer thick Pd film. Now we would like to concentrate on the pure strain effects on Pd surfaces. On Ru͑0001͒, DFT calculations have found a surface reactivity increasing with lattice expansion, as far as O and CO adsorption energies and the CO dissociation barrier are concerned. 9 In our calculations, on the other hand, we do not obtain a unique trend of the adsorption energies as a function of the lattice expansion. While the binding energies at the threefold hollow and the bridge position on the Pd͑111͒ surface increase with lattice expansion, they decrease at the top position of both the ͑100͒ and ͑111͒ surface and at the fourfold hollow position of Pd͑100͒.
A lattice expansion not only causes a reduced overlap between the substrate atoms, it could also lead to an extension of the adsorbate-substrate bond, which would result in a weaker interaction. However, at the bridge and the threefoldcoordinated hollow positions the hydrogen atom can keep its optimum bond length by simply relaxing towards the surface. Upon expanding the lateral lattice constant of the Pd͑111͒ surface by 5%, the hydrogen adsorption height is reduced from 0.97 Å to 0.86 Å at the bridge site and from 0.84 Å to 0.62 Å at the threefold hollow position, thus keeping the H-Pd distances to the nearest neighbors constant within Ϯ0.01 Å.
At the fourfold hollow position of the ͑100͒ position, however, this mechanism cannot work any longer. This is due to the fact that at the minimum energy position the hydrogen atom sits rather deep in the first Pd surface layer only 0.32 Å higher than the Pd atoms. This configuration is illustrated in Fig. 1 . Although the hydrogen atom reduces its height to 0.14 Å upon the lattice expansion and the neighboring Pd atoms also relax towards the hydrogen atom, still the H-Pd bond length increases from 1.99 Å to 2.06 Å. The reduced H-Pd interaction and the energetic cost of the Pd atom relaxations even overcompensate the increase in the reactivity of the expanded surface due to the d-band center up-shift. As a result, the fourfold hollow and the bridge site become energetically degenerate ͑see Fig. 2͒ .
Interestingly enough, for hydrogen on one Pd layer on-top of the Au substrate the twofold-coordinated bridge site is favored by 50 meV compared to the fourfold hollow site. The hollow site becomes so unfavorable simply because the hydrogen atom is interacting with the inert Au atom directly beneath in the second layer. This causes an effective repulsion that leads to an increase of the hydrogen adsorption height from 0.1 Å to 0.4 Å. As for the hydrogen adsorption on pure Au, the preference for highly coordinated sites is much less pronounced than on Pd. For Au͑100͒, the twofold- coordinated bridge site becomes even more favorable by 0.3 eV for hydrogen adsorption compared to the fourfold hollow site.
CO adsorbs preferentially at the bridge site of Pd͑100͒ on the clean unstrained surface. 32 Our calculations indicate that already on pure Pd the reduced distance to the rather inert second-layer substrate atom upon lattice expansion is energetically unfavorable. Therefore the difference between bridge and hollow adsorption energies is not further increased by reducing the number of Pd overlayers on Au͑100͒ from two to one ͓see Fig. 2͑b͔͒ .
The hydrogen adsorption energies on the on-top positions of Pd͑100͒ and Pd͑111͒ also show the opposite trend upon lattice expansion than expected from the d-band shift. At the top site, for symmetry reasons the hydrogen atom mainly interacts with only one d orbital of the Pd atom directly beneath, namely the d 3z 2 Ϫr 2 orbital. An analysis of the electronic structure reveals that this interaction is so strong that the d-band model is no longer fully appropriate. Instead, the response of the local d band to the presence of the adsorbate has to be taken into account, which stabilizes the adsorption at the top site of the compressed surfaces. The same mechanism is also operative in the H/Cu system. 33 In conclusion, we have shown that the local reactivity of metal overlayers is strongly influenced by a combination of strain, metal-support interaction and bond length effects. Our results suggest that the microscopic knowledge of these factors can be used to tailor the activity of catalysts by an appropriate preparation of bimetallic overlayer systems.
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